How the human pathogen Streptococcus pneumoniae coordinates cell-wall synthesis during growth and division to achieve its characteristic oval shape is poorly understood. 
Introduction
The human pathogen S. pneumoniae is a Gram-positive coccus with a characteristic oval, American football-like, shape. This shape is likely achieved by the alternation of two separate biosynthetic events: peripheral cell wall elongation and septal wall synthesis 53 . According to this model, dividing cells show an initial inward growth of the septal wall, but its progression is halted until the two newly synthesized internal hemispheres have reached the size of the external ones. Only at this point, septal wall synthesis rapidly resumes, leading to cell division 53 . Additional synthesis of cell wall material is thought to be required to form mature cell-poles 53 . Although this model was established for Enterococcus faecalis (formerly Streptococcus faecalis), it has also been applied to other oval-shaped streptococci like S. pneumoniae 169 . While substantial progress has been recently made in understanding the molecular mechanisms that govern S. pneumoniae cell division (review 19 ), the molecular mechanisms involved in the earlier events of the cell cycle, and what controls them, are largely unknown. In particular, what is not understood is how S. pneumoniae coordinates peripheral and septal cell wall synthesis, by sensing the morphological changes that occur during growth and division, to achieve proper shape.
Phosphorylation/dephosphorylation cascades are often used by prokaryotes to monitor and to respond to environmental changes and cell-cycle signals.
Two-component systems, consisting of a histidine kinase with a cognate response regulator, are the most abundant signaling systems 87 . More recent studies have shown that eukaryotic-type serine/threonine protein kinases (STKs) are also present in a wide range of prokaryotic genomes and regulate complex and diverse cellular processes 88, 91, 110, [170] [171] [172] [173] [174] .
Gram-positive bacteria possess an ultraconserved subfamily of STKs specifically implicated in regulation of growth and cell division 92, [175] [176] [177] [178] [179] [180] . These STKs consist of a cytoplasmic kinase domain and an extracellular C-terminal region composed of several PASTA domains (Penicillin-binding protein And Serine/Threonine kinase Associated). It was suggested that PASTA domains can bind peptidoglycan (PG) fragments which might act as a signaling molecule 96, 134 . This hypothesis was supported by the finding that PASTA domains of protein kinase PrkC from Bacillus subtilis binds PG in vitro and activates spore germination in response to cell-wall derived muropeptides 100 . It was found that the minimal signal for PrkC is N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) linked to the pentapeptide (NAG/NAM-pp). PrkC only responded to a synthetic PG containing mesodiaminopimelate (m-DAP) at position three of the pentapeptide 181 .
From this it can be
StkP controls cell division in S. pneumoniae 55 extrapolated that this third residue, which is an L-lysine in pneumococcus, likely represents the specificity-determining element for STKs.
Here we are interested in elucidating the biological function of the PASTAcontaining STK of S. pneumoniae, StkP. Previous work has shown that StkP acts as a dimer 111 and forms a signaling couple with its cognate phosphatase PhpP, which is a predicted cytoplasmic protein 95, 112 . PASTA domains of StkP were shown to bind synthetic and native PG subunits and β-lactam antibiotics 101 . A strain deleted for stkP is still viable in vitro but grows slower and is less competent for genetic transformation and more susceptible to several environmental stresses 94, 107, 182, 183 . StkP also plays an essential role for in vivo survival, as stkP mutants were strongly attenuated in virulence in mouse models 94, 183 .
Phenotypic analysis, through both transmission electron microscopy and differential interference contrast microscopy showed that stkP mutants are often elongated suggesting a cell division defect 104, 183 . Several StkP substrates playing a role in cell wall metabolism and cell division were identified, including phosphoglucosamine mutase GlmM and cell division
proteins DivIVA and FtsZ 95, 102, 104 . Using immunofluorescence it was shown that StkP localizes to cell division sites 102 . Despite this information, the molecular mechanisms underlying the stkP null phenotype are still unknown.
We have previously developed a single-cell toolbox for S. pneumoniae that allowed in vivo protein localization studies in live pneumococcal cells using a fast-folding variant of GFP 21 . Through this tool, we showed that S. pneumoniae DivIVA localizes both to the cell division sites and to the cell poles 21 . We now show that StkP also localizes to midcell, and that this localization pattern depends on its extracellular PASTA domains.
Furthermore, we find that StkP and its phosphatase PhpP show a cell-cycle dependent localization pattern and localize to cell division sites at which active PG synthesis is occurring. We provide in vivo evidence that the signal for StkP to autophosphorylate is uncrosslinked PG, likely NAG/NAM-pp, which is mainly present in growing cells. We developed automated fluorescent time-lapse microscopy on double labeled strains to image live cells. Using this new technique for S. pneumoniae, we show that StkP is recruited to the cell division site shortly after assembly of the early cell division protein FtsA but before recruitment of DivIVA. However, StkP remains at midcell longer than FtsA, until division is complete. In the absence of StkP, peripheral cell wall synthesis is increased compared to septal wall synthesis, resulting in the elongated phenotype characteristic of the stkP null mutants. The data support a model wherein StkP coordinates streptococcal growth and division.
Results

StkP localizes to midcell
To determine the localization and dynamics of StkP in living cells, we constructed an N-terminal gfp-stkP fusion ( Figure 1a ) by using vector pJWV25, which integrates by double-crossover into the chromosome at the non-essential bgaA locus and harbors the zinc-inducible P Zn promoter 21 . The resulting construct was then introduced into three closely related well-characterized and widely used S. pneumoniae strains: the encapsulated D39 and nonencapsulated R6 and Rx1 genetic backgrounds
167
. Wild-type, merodiploid strains carrying the gfp-stkP fusion were grown to mid-exponential phase, induced with 0.15 mM ZnSO 4 and cells were collected for fluorescence microscopy one hour later (OD 600 ~0.3).
As shown in Fig. 1b , GFP-StkP localizes in the membrane with a clear enrichment at the cell division sites. The same localization profile was observed when GFP-StkP was present as the only copy of stkP in the cell ( Fig. S1 ) and was independent of the genetic background or growth medium used (Fig. 1b, Fig. S2 ). Western blot analysis of whole-cell extracts using either an anti-GFP antibody (Fig. 1c) or antibodies raised against StkP (Fig. S3) demonstrated the production of full-length GFP-StkP and lack of protein degradation, and only a slight (less than 2-fold) overproduction of StkP in the merodiploid strain.
To test the catalytic activity of the GFP-StkP fusion, we examined the in vivo protein phosphorylation profile of a strain deleted for stkP but harboring the zinc-inducible GFP-StkP fusion, using an antibody that reacts specifically to proteins that are phosphorylated on threonine residues (α-pThr). Western blot analysis using antibodies raised against DivIVA served as a control of the whole-cell extracts since DivIVA is the most abundant substrate of StkP
104
. In the whole-cell extract of the wild-type strain, phosphorylated DivIVA (p-DivIVA) was readily detected, whereas in a strain that contained P Zn -gfp-stkP as the only copy of stkP, p-DivIVA was only detected after GFP-StkP was induced (Fig. 1d, Fig. S4 ). Taken together, these data suggest that the GFP-StkP fusion protein is functional.
A recent global phosphoproteomic analysis showed that 84 S. pneumoniae proteins are phosphorylated on serine, threonine or tyrosine residues, including the previously identified StkP substrate DivIVA
103
. It remains unclear which other proteins are true targets of StkP. Interestingly, phosphorylated sites were identified in the essential cell division protein FtsA at residues S113, T116 and T160
. However, phosphorylation profiling using α-pThr did not detect a protein migrating at the expected size of FtsA (Fig. S4 ). To test whether FtsA could be phosphorylated by StkP, we purified S. pneumoniae FtsA and performed in vitro kinase activity assays using the purified StkP-kinase domain. As shown in Fig. 1e , FtsA was readily phosphorylated, but only in the presence of the StkPkinase domain. Nevertheless, FtsA singly (S113A, T116A, T160A) and doubly (T116A/T160A) mutated proteins were still efficiently phosphorylated by StkP in vitro (Fig. S5) , raising the question whether FtsA is a bona fide target of StkP in vivo. 
Localization of StkP depends on its extracellular PASTA domains
StkP can be divided into three functional domains, which are a cytoplasmic kinase domain, a membrane-spanning domain and the extracellular PASTA domains. To determine which part of StkP is the driving force in protein localization to midcell, we constructed a set of N-terminal GFP fusions to the separate domains (Fig. 2a) . To verify efficient production of the fusion proteins and lack of protein degradation, wild-type strains carrying the P Zn -gfpkinase, P Zn -gfp-kinase-TM and P Zn -gfp-TM-PASTA fusions were grown and induced with 0.15 mM ZnSO 4 and cells were harvested at mid-exponential phase for Western blot analysis, using anti-GFP polyclonal antibodies, and for fluorescence microscopy. As shown in Fig. 2b , all fusion proteins were produced and mainly present as full-length proteins. Fluorescence microscopy showed that GFP fused to the kinase domain showed a cytoplasmic signal (Fig.   2c ). The fusion of the kinase domain with the membrane-spanning domain showed membrane localization with a slight enrichment at the septum, which might be caused by the presence of a double membrane (Fig. 2c) . When GFP was fused to the PASTA domains, without the kinase domain, a clear midcell localization was observed. Similar localization profiles were also observed in the absence of stkP (Fig. S6) (Fig. 2a) . When present as the only copy of stkP in the genome, membrane localization and occasional polar enrichment was observed without the typical midcell localization (Fig. 2d) . Interestingly, when wild-type StkP was present, again the midcell localization pattern could be observed, but the ratio of midcell to membrane signal was reduced at higher levels of induction (Fig. S9 ). This suggests that the GFP-StkP-PrkC hybrid is able to dimerize with wild-type StkP, likely through the transmembrane region which is sufficient for dimerization of StkP in vivo
111
. 
PhpP localizes to midcell in an StkP-dependent manner
To examine the localization of StkP's cognate phosphatase PhpP, we constructed a zinc-inducible N-terminal gfp-phpP fusion ( Fig. 3a and S3 ) and inserted it in the D39, R6, and Rx1 genetic backgrounds. Wild-type strains carrying the gfp-phpP fusion were grown to mid-exponential phase, induced with 0.15 mM ZnSO 4 and cells were analyzed by fluorescence microscopy. As shown in Fig. 3b , both cytoplasmic and midcell localization profiles were observed for GFP-PhpP, independent of the genetic background tested (Fig.   S2 ). The phosphoprotein profile in a P Zn -gfp-phpP, ΔphpP strain demonstrated that the GFPPhpP fusion was at least partially functional since induction resulted in de-phosphorylation of DivIVA (Fig. S4 ). So far only StkP and RitR have been identified as targets of PhpP 95, 105, 112 , but our analysis also identifies DivIVA as an in vivo target of PhpP.
Interestingly, the midcell localization profile was not evident in cells from lateexponential phase. Western blot analysis of whole-cell extracts using an anti-GFP antibody demonstrated the production of full-length GFP-PhpP, indicating that the cytoplasmic signal was not due to protein degradation (Fig. 3c) . Since PhpP is the cognate phosphatase of StkP, it seemed reasonable that the enriched localization at midcell of PhpP was due to a direct interaction with StkP. To test this, we examined localization of PhpP in the absence of StkP.
As expected, in the stkP null mutant background, GFP-PhpP was exclusively localized in the cytoplasm ( Fig. 3d and Fig. S10 ). Notably, enrichment of GFP-PhpP at midcell was also completely lost in the catalytically inactive stkP-K42R mutant background (Fig. S10 ).
Since GFP-PhpP was not enriched at midcell in all cells, we also wondered whether this was dependent on the growth phase. Therefore, we performed a time-series experiment taking cells for fluorescence microscopy analysis at different stages of the growth curve (Fig. 3e ). As shown in Fig. 3f , when cells were growing exponentially, most cells displayed the midcell enriched localization pattern (between 83% and 90% of the cells). However, when cells entered the stationary growth phase this number decreased significantly (to 31%). These results indicate that midcell localization of GFP-PhpP is a good proxy for the activity of StkP. , representing an, as of yet, unknown protein, became robustly phosphorylated (Fig. 4C ). Although cell morphologies were still normal after addition of these antibiotics for 20 minutes, we cannot exclude the possibility that partial autolysis was already induced, liberating PG fragments that might act as ligands for StkP.
We also cannot exclude the possibility that vancomycin blocks binding of another protein that produces a ligand. Nevertheless, these data suggest that cell wall synthesis and uncrosslinked PG are not only the signal for StkP to localize to cell division sites but also provide the signal to stimulate its autophosphorylation activity. 
A temporal order of assembly of FtsA, StkP and DivIVA
FtsA is, together with FtsZ, one of the earliest proteins to localize at the division sites, while DivIVA arrives somewhat later 77, 187 . Interestingly, we now have shown that StkP phosphorylates DivIVA and FtsA in vitro (Figs. 1D-1E ). How are we to reconcile these biochemical data with the previously observed temporal localization patterns? To establish when StkP arrives at the cell division sites relative to FtsA and DivIVA, we performed timelapse and time-series microscopy using GFP fusions to FtsA, StkP and DivIVA. For time-lapse microscopy, cells were first grown to mid-exponential phase and then transferred to a microscope slide containing medium with 1.5% agarose and inducer (see Materials and Methods for more details). Images were acquired every 10 minutes. As shown in Fig. 5a and Movies S1 and S2, GFP-FtsA localizes to midcell early in the pneumococcal cell cycle, while GFP-StkP arrives somewhat later. The DivIVA-GFP fusion clearly has the latest arrival time and remains polarly localized (Movie S3, Fig. 5a ).
To quantify these arrival and departure times in more detail, we performed timeseries microscopy and stained the membranes of the cells with the lipophilic dye Nile red. This analysis shows that within an exponentially growing culture of S. pneumoniae, roughly four categories of cells were distinguished: (1) just divided short cells of about 1 μm, (2) slightly elongated cells of about 1.2 μm, (3) elongated cells of about 1.5 μm and (4) diplococci of 2 μm that are just closing the septa. Scoring and assigning of midcell localization of GFP-FtsA, GFP-StkP and DivIVA-GFP to these categories clearly showed different distributions for the three cell division proteins (Fig. 5b) . GFP-FtsA is the first of the three proteins to localize to midcell and already localization at future division sites in cells of category 3 can be observed, while this is never the case for GFP-StkP and DivIVA-GFP ( To confirm this quantitative analysis and simultaneously visualize StkP with FtsA and DivIVA in real time, we constructed double labeled strains utilizing a red fluorescent protein (RFP) fused to StkP (P Zn -gfp-ftsA, P Zn -rfp-stkP and P Zn -divIVA-gfp, P Zn -rfp-stkP).
Fluorescence time-lapse microscopy of these strains again shows that FtsA is the first to arrive at midcell, followed by StkP and subsequently by DivIVA (Fig. 5c-5d , movies S4 and S5).
Absence of StkP results in growth and division defects
S. pneumoniae cells deleted for stkP frequently display elongated Similar observations were made for S. pneumoniae cells expressing catalytically inactive StkP-K42R 104 (Fig. S10) . To investigate the effects of StkP depletion or overexpression on cell morphology, we constructed a complementation strain, in which an stkP null mutant carries a copy of wild-type stkP at the ectopic bgaA locus, under the control of the P Zn promoter (ΔstkP, P Zn -stkP). Wild-type shape was recovered upon induction of stkP expression with 0.25 mM ZnCl 2 ( Fig. S11a-d) . To achieve overexpression, the complementation strain was cultivated in the presence of 0.45 mM ZnCl 2 . Under these conditions, the cells become smaller and rounder, which is to a much lesser extent the case in wild-type cells grown at these zinc concentrations (p = 0.038 Mann-Whitney rank sum test, Fig. S11e-f ). Cells were also significantly shorter and rounder when GFP-StkP was induced in the absence of PhpP (Fig. S11g-h ). Interestingly, we observed a strong selective pressure against the characteristic elongated phenotype of ΔstkP cells, and putative suppressors rapidly arise in R6 and Rx1 genetic backgrounds, resulting in a pleiotropic array of cell morphologies including chains of cells and round-shaped cells (Fig. S12 ). These morphologies were observed to a lesser extent in the D39 strain, which might be caused by the fact that the capsule can change and/or mask certain division phenotypes 77 . (Fig. 7a, S14 ). Taken together, these results suggest that, in the absence of StkP, cells can start the division process, but do not know where and when to divide: elongation prevails over division, or cell division is less active, thus providing an explanation for the ΔstkP phenotype (Fig. 7b) . 
Discussion
StkP is part of the S. pneumoniae divisome
Here we show that the serine/threonine kinase StkP has a crucial role in controlling cell division in S. pneumoniae. Consistent with this role, StkP is recruited relatively early to midcell during the cell cycle and it remains there until division is complete (Fig. 5) StkP. As we show in this study, the truncated protein is localized homogeneously in the membrane. Thus it is tempting to speculate that the locally high concentration of StkP at midcell stimulates StkP-dimer formation in a ligand-dependent manner, which in turn triggers its autophosphorylation activity. This specific localization of StkP brings it into close contact with its substrates: once active and present at the division site, StkP will phosphorylate DivIVA and putatively also FtsZ and FtsA ( Fig. 1d and see 95, [102] [103] [104] ). The activity of StkP is kept in check by its cognate phosphatase, PhpP, which is only present at midcell when StkP is active (Fig. 3) .
StkP arrives at midcell after FtsA but prior to DivIVA
Like in the model organisms E. coli and B. subtilis, FtsZ and FtsA are the first proteins to arrive at midcell in S. pneumoniae, to form the so called Z-ring, before cell division initiates 18, 188 . Once formed, the Z-ring recruits the later cell division proteins such as the membrane connectors, DivIVA and the enzymes required for septal cell wall synthesis. 
StkP controls correct septum progression and closure
In the absence of StkP, cells are still able to divide, although the cell size at which they divide is highly heterogeneous, with cells often elongating before division. These elongated cells contain multiple, unconstricted cell division rings (movies S6-S7 and Fig.   S13 ). From image analysis, it emerges that ΔstkP cells show a different mode of cell division:
after the division ring forms at midcell, instead of constricting at the centre, the ring splits, generating two or more rings. New cell wall material is then inserted in between these rings, resulting in the elongated phenotype. Consistently, vancomycin staining revealed the presence of multiple sites of new cell wall material along ΔstkP elongated cells, in sharp contrast to wild-type diplococci in which the only site for new cell wall insertion is at midcell (Fig. 7a and S14) . However, the multiple septa eventually close, generating three or more daughter cells (movies S6 and S7, Fig. 7b ). Together, our data support a model wherein . Interestingly, when StkP is overproduced by long term induction with zinc, we observe a hyper-phosphorylation profile that includes a protein that runs at the exact position of FtsZ, as judged using specific antibodies (Fig. S15 ). This preliminary data suggests that FtsZ is also a target of StkP in vivo.
FtsZ was also shown to be phosphorylated in Corynebacterium glutamicum, Streptomyces coelicolor and Streptococcus agalactiae 180, 191, 192 , suggesting that STK-dependent phosphorylation of FtsZ is widespread in Gram-positives.
How to maintain the oval shape during growth and division: an evolutionary solution without MreB?
The morphology of the bacterial cell is ultimately the result of a complex interplay of many proteins that make up the cell wall biosynthetic apparatus. We have now shown that in the absence of StkP the control between peripheral and septal cell wall synthesis is lost, hence giving stkP mutants their elongated shape (Fig.   6 ) 104, 183 . Correct septal progression and closure, driven by rapid disassembly of the Z-ring, is crucial for cell division, and it is this activity that seems most perturbed in the absence of functional StkP. Whether this is a consequence of an excessive peripheral cell wall extension or a block in cell division remains unclear. However, cells overexpressing StkP display a shorter and rounder phenotype (Fig. S11 ), indicating that in this situation septal cell wall synthesis outruns peripheral cell wall synthesis. In this sense, StkP may be seen as a "molecular switch" that, through phosphorylation of key division substrates, signals the shift from peripheral to septal cell-wall synthesis. . These data suggest that mycobacterial PknB has a similar function as the pneumococcal StkP in coordinating cell morphogenesis during growth and division. The presence of a similar mechanism to control cell division by a eukaryotic-type Ser/Thr protein kinase in two unrelated species demonstrates the universality and importance of such signaling systems in bacteria.
Materials and Methods
Strains, plasmids and growth conditions. S. pneumoniae strains R6, Rx1 and D39 were grown at 30°C or 37°C in C+Y or in GM17 media. Blood agar plates were made from Columbia agar containing 3% defibrinated sheep blood. For induction of P czcD (here noted P Zn ), ZnSO 4 or ZnCl 2 was added to liquid medium and blood agar plates. Competent S. pneumoniae R6, Rx1 and D39 cells were prepared by addition of competence inducing peptide CSP-1. Media composition, strains and plasmids construction are detailed in the supplementary material and are listed in Table S1 .
Recombinant DNA techniques, oligonucleotides and Western blotting. Procedures such as DNA isolation, restriction, ligation, gel electrophoresis, Western blotting and transformation of E. coli were performed as described in the supplementary material. Oligonucleotides are listed in Table S2 .
In vitro phosphorylation analysis. Expression and purification of recombinant proteins. The expression strains E. coli BL21 harboring plasmids pETPhos-1511 and pEXStkP-T 95 were cultivated at 37°C until mid-log phase in LB medium. Expression of His-tagged FtsA or His-tagged StkP-KD (kinase domain) was induced with 1mM IPTG and cells were harvested after 3h. Recombinant proteins were purified at room temperature by Ninitrilotriacetic acid (NiNTA) metal affinity resin (Qiagen) according to the manufacturer's instructions. Purified proteins were dialyzed against buffer containing 25 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 10% (vol/vol) glycerol.
In vitro protein phosphorylation. The in vitro protein kinase reaction mixture contained 0.4 μg of recombinant substrate protein and 0.4 μg of purified StkP kinase domain (StkP-KD) in kinase buffer (25 mM Tris-HCl [pH 7.5], 25 mM NaCl, 5 mM MnCl 2 , 10μM M ATP). The reaction was started by addition of ATP and was terminated after 15 min of incubation in 37°C by addition of 5X SDS sample buffer. Samples were separated by SDS-PAGE and electrotransferred to a PVDF membrane. Proteins were detected either with antiphosphothreonine polyclonal antibody (Cell Signaling) or by amidoblack staining (Sigma).
Fluorescence microscopy was performed basically as described 197 . Where relevant, Nile red (Invitrogen) was added to a final concentration of 8 ng/ml. Phase contrast images were automatically segmented and analyzed using MicrobeTracker 148 and cell length distributions were plotted using Matlab. Immunofluorescence experiments were carried out as previously described
190
. Van-Fl staining was performed similarly as recently described 195 . Time-lapse microscopy was basically performed as described 198 . For more details, see the supplementary information.
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Supporting Materials and Methods
Strains, plasmids and growth conditions. S. pneumoniae strains R6 and D39 were grown at 30°C or 37°C in C+Y medium 156 or in GM17 medium 199 . Blood agar plates were made from Columbia agar containing 3% defibrinated sheep blood (Johnny Rottier, Kloosterzade, the Netherlands). For induction of PczcD (here noted PZn), ZnSO4 or ZnCl2 was added to liquid medium and blood agar plates. Competent S. pneumoniae R6, D39 and Rx1 cells were prepared as described before by addition of competence inducing peptide CSP-1 156 .
Recombinant DNA techniques and oligonucleotides. Common DNA procedures such as DNA isolation, restriction, ligation, gel electrophoresis and transformation of E. coli were performed as described 155 . Chromosomal DNA of S. pneumoniae was isolated using the Promega Wizard Genomic DNA Purification Kit. Oligonucleotides used in this study are listed in Table S2 and were purchased from Biolegio (NL) or Metabion (DE). Enzymes were purchased from Roche (Mannheim, Germany), New England Biolabs (Ipswich, USA), Bioline (London, UK) and Fermentas (Burlington, Canada) and used as described by the manufacturer. For PCR amplification, Velocity polymerase (Bioline) or Pfu polymerase (Stratagene) was used.
Western blot analysis and immunodetection. Cells were grown in C+Y medium (4 ml) with addition of ZnSO4 to a final concentration of 0.15 mM and at an OD600 of approximately 0.3 were harvested by centrifugation at 9000 rpm for 5 minutes. For lysis, the pellet was resuspended in 100 µl of SEDS lysis buffer and was incubated for 5 min at 37°C. Lysates were diluted in 100 µl 2x SDS-loading buffer and boiled for 5 minutes. After separation by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), proteins were transferred to a polyvinylidene difluoride (PVDF) membrane by Western blotting. GFP fusion proteins were detected with polyclonal anti-GFP antibodies (Invitrogen) and anti-IgG-rabbit-HRP antibody (GE Healthcare) according to the manufacturer's instructions. StkP, PhpP and DivIVA were detected using custom made polyclonal rabbit anti-StkP, anti-PhpP and anti-DivIVA antibodies.
In vitro protein phosphorylation of FtsA mutant proteins. 0.4 μg of recombinant substrate protein was phosphorylated in the presence of 0.4 μg of purified StkP kinase domain (StkP-KD) in kinase buffer containing 25 mM Tris-HCl [pH 7.5], 25 mM NaCl, 5 mM MnCl2, 10 μM M ATP and 1 μCi ɣ[ 32 P]-ATP. The reaction was started by addition of ATP and was terminated after 15 min of incubation in 37°C by addition of 5X SDS sample buffer. Samples were separated by SDS-PAGE and the Coomassie blue stained gel was exposed to sensitive screen and scanned with Molecular Imager FX (Biorad).
Construction of plasmids and strains.
Construction of pJWV25 based plasmids and strains. To construct the plasmid pJWV25-StkP, carrying the gfp+ variant fused to the S. pneumoniae stkP gene under the control of the zinc inducible PczcD promoter (from here on named PZn), a PCR was performed using the primers stkP-F+SpeI and stkPR+NotI and chromosomal DNA from S. pneumoniae D39 as a template. The PCR products were subsequently cleaved with NotI and SpeI and ligated into the corresponding sites of pJWV25 21 , resulting in the plasmid pJWV25-StkP. Plasmids pJWV25-PhpP, pJWV25-Kinase, pJWV25-TM-Kinase, pJWV25-PASTA and pJWV25-FtsA were constructed in a similar manner to pJWV25-StkP only using primer pairs phpP-F+SpeI and phpP-R+NotI, stkP-F+SpeI and stkP-kinase-R+NotI, stkP-F+SpeI and stkP-TM-R+NotI, stkP-PASTA-F+SpeI and stkP-R+NotI, FtsA-F+SpeI and FtsA-R+NotI, respectively. To construct plasmid pJWV25-GFP-StkP-K42R StkP-K42R was amplified using primer pair stkP-F+NotI and stkP-R+SpeI and pEX-StkP-K42R
40 . The PCR products was cleaved with NotI and SpeI and ligated into the corresponding sites of pJWV25 21 .
To construct plasmid pJWV25-DivIVA-GFP we performed fusion PCR to fuse PZn, divIVA and gfp+ separated from divIVA via a flexible hinge region. PZn was amplified using primers LN123 and LN133 using pJWV25 21 as a template. The divIVA gene was amplified with primers LN131 and LN181 using S. pneumoniae Rx1 chromosomal DNA as a template. PCR products corresponding to PZn and divIVA were used as templates in a fusion PCR reaction with primers LN123 and LN181. In the next step, we amplified the gfp+ gene using primers LN180 and LN179 using plasmid pJWV25 as a template. Primer LN179 was designed to contain a hinge region to flexibly separate the GFP and DivIVA moieties of the fusion protein. Fusion products PZn-divIVA and gfp+ were used as templates in another fusion PCR using primers LN123 and LN180. The resulting PCR product, coding for the PZn-divIVA-gfp+ sequence, was digested with EcoRI and NotI and ligated in the corresponding sites of pJWV25, resulting in pJWV25-DivIVA-GFP.
To construct pJWV25-stkP'-prkC', the kinase domain of StkP (1095bp; aa 2-365 (without ATG/Met) was amplified with primers LN144 and LN145 using S. pneumoniae Rx1 chromosomal DNA as template. The sequence coding for the C-terminal part of PrkC containing its predicted PASTA repeats (879bp (incl. TAA), aa 357-648) was amplified with primers LN146 and LN147 using chromosomal DNA of B. subtilis as a template. The two resulting amplicons were used as a template in a fusion PCR reaction using primers LN144 and LN147. The subsequent stkP-prkC fusion fragment was digested with SpeI and NotI and cloned in the corresponding sites of vector pJWV25 21 .
Strains KB02-20, KB02-23, KB02-60, KB02-62, KB02-63, HK95 and HK96 were obtained by a double crossover recombination event between the bgaA regions located on plasmids pJWV25-StkP, pJWV25-PhpP, pJWV25-StkP'-PrkC', pJWV25-FtsA, pJWV25-DivIVA-GFP, pJWV25-FtsA-RFP-StkP (Karsens and Veening, to be published elsewhere) and pJWV25-DivIVA-GFP-RFP-StkP (Karsens and Veening, in preparation) and the chromosomal bgaA gene of strain R6, respectively. Strains KB01-15, KB01-14, JWV403, KB01-40, and KB01-16 were obtained by a double crossover recombination event between the bgaA regions located on plasmids pJWV25-StkP, pJWV25-PhpP, pJWV25-Kinase, pJWV25-TMKinase and pJWV25-PASTA, and the chromosomal bgaA gene of strain D39, respectively. Strain KB02-61 was obtained by a double crossover recombination event between the bgaA regions located on plasmid pJWV25-StkP'-PrkC' and the chromosomal bgaA gene of strain KB02-29. For transformation of S. pneumoniae, 2 μl of plasmid DNA (approx. 200 ng) was added to competent cells followed by a phenotypic expression period of 90 min at 37°C and over-night growth on Columbia blood agar plates containing tetracyclin (1 μg/ml). Transformants were restreaked to single colonies and correct integration into the bgaA locus was verified by PCR.
S. pneumoniae strains KB02-64, KB01-18, KB02-65 and KB02-29 were obtained by transformation of strains KB02-63, KB01-15, KB02-62 and R6 with chromosomal DNA of strain Sp10 95 , respectively. Strains KB02-22, KB01-20 and KB01-21 were obtained by transformation of strains KB02-20, KB01-15 and KB01-14 with plasmid pDELphpP-stkP, respectively. Transformants were selected on Columbia blood agar plates containing chloramphenicol (4.5 μg/ml), after overnight incubation at 37°C. Strain KB01-19 (PZn-gfp-phpP, ΔphpP) was constructed by transforming strain KB01-14 with plasmid pDELphpP. Transformants were selected on Columbia blood agar plates containing chloramphenicol (4.5 μg/ml) and 0.1 mM ZnSO4, after overnight incubation at 37°C. Also, strain KB01-19 could only be obtained on plates with zinc (to induce GFP-PhpP).
Strains KB02-26, KB02-27 and KB02-28 were obtained by a double crossover recombination event between the bgaA regions located on plasmids pJWV25-Kinase, pJWV25-PASTA and pJWV25-TMKinase, and the chromosomal bgaA gene of strain R6, respectively. Strain Sp31 (PZn-gfp-phpP; Rx1) and Sp79 (PZn-gfp-phpP; stkP-K42R; Rx1) was obtained by transformation of Rx1 and Sp19 (stkPK42R; Rx1) 95 respectively, with pJWV25-PhpP. Strain Sp32 (PZn-gfpstkP; Rx1) was constructed by transformation of Rx1 with pJWV25-StkP.
FtsA overproduction plasmids.
To construct plasmid pETPhos-1511, a PCR using primers LN182 and LN183 was performed using S. pneumoniae Rx1 chromosomal DNA as a template. The amplified fragment was subsequently cleaved with NdeI and XhoI and ligated in the corresponding sites of plasmid pETPhos 200 . To introduce phosphoablative mutations in ftsA gene in plasmid pETPhos-1511 we used the QuikChange mutagenesis kit (Stratagene) and mutagenic oligonucleotides in following combinations -mutation T116A: LN186 and LN187; mutation T160A: LN188 and LN189; mutation S113A: LN190 and LN191.
Construction of S. pneumoniae
ΔphpP and ΔphpP-stkP mutants. Deletion of the phpP and phpP-stkP genes was achieved by transformation of S. pneumoniae wild-type strain with vectorless DNA fragment consisting of phpP or phpP-stkP downstream and upstream regions of homology and cat cassette replacing the phpP or phpP-stkP coding region, similarly as described in Novakova et al. 95 . Briefly, phpP upstream flanking region (800 bp) was amplified with primers UFPFP and UFPRP. Downstream flanking region of phpP (760 bp) was amplified with primers DFPFP and DFPRP, while primers CAT1 and CAT2 were used to amplify the terminatorless cat gene from plasmid pEVP3 201 . The downstream flanking region of stkP (820 bp) was amplified with primers DFKFP and DFKRP and primers CAT1 and CAT3 were used to amplify the terminatorless cat gene from plasmid pEVP3. The final constructs pDELphpP and pDELphpP-stkP were prepared by subsequent directional cloning of the fragments into Bluescript vector (5' region-cat gene-3' region) using restriction sites included in the primers. The resulting chloramphenicol-resistant clones arising from double crossover event were examined for successful allelic exchange by diagnostic PCR and Southern hybridization (not shown). The junctions between exogenous and chromosomal DNA in allelic exchange mutants were verified by sequencing.
Construction of strain Sp38.
To introduce an extra copy of the stkP gene under inducible promoter into the dispensable bgaA locus on the S. pneumoniae chromosome, we constructed plasmid pZn-StkP. First, stkP was amplified with primers LN121 and LN134 using Rx1 chromosomal DNA as a template. PZn promoter was amplified with primers LN123 and LN120 from template plasmid pJWV25 21 . Both PCR products were used as a template in a fusion PCR reaction with primers LN123 and LN134. The final PCR product coding for stkP fused with PZn was digested and cloned into the EcoRI and NotI restriction sites of plasmid pJVW25. S. pneumoniae wild-type strain Rx1 was transformed with PvuI digested pZnStkP plasmid. The tetracycline resistant transformants were examined for successful allelic exchange using diagnostic PCR and the resulting strain was named Sp32. To delete the native stkP gene, we transformed strain Sp32 with SacII digested pDELstkP plasmid, as described previously 95 , resulting in the strain named Sp38 (ΔstkP, bgaA::PZn-stkP) .
Fluorescence Microscopy. Cells were grown at 37°C in C+Y or GM17 medium in half-filled 5 ml capped tubes to allow enough aeration for proper GFP maturation. 0.5 ml of cell culture was spun down and the pellet was washed with 150 μl PBS, as described 197 . Where relevant, Nile red (Invitrogen) was added to a final concentration of 8 ng/ml. 0.4 μl of the cell suspension was spotted on a microscope slide containing a slab of 1% PBS agarose. Images were taken with a Deltavision (Applied Precision) IX71Microscope (Olympus) using a CoolSNAP HQ2 camera (Princeton Instruments) with a 100X phase contrast objective. Emission/excitation filters were from Chroma. For GFP, typical exposure times were between 0.8 and 1.5 seconds with 100% xenon light (300W). For Nile red, typical exposure times were 200 ms with 32% of excitation light. Microscopy images were deconvolved using softWoRx 3.6.0 (Applied Precision) and modified for publication using ImageJ (http://rsb.info.nih.gov/ij/) and CorelDRAW X3 (Corel Corporation). Phase contrast images were automatically segmented and analyzed using MicrobeTracker 148 and cell length distributions were plotted using Matlab 7.10.
Immunofluorescence microscopy. Immunofluorescence experiments were carried out as previously described 190 . Briefly, strains Rx1 and Sp38 (Rx1, ΔstkP, PZn-stkP) were grown exponentially in TSB medium in the absence of zinc, washed three times in 10 mM phosphate (pH 7.0) and fixed for 15 min at room temperature and 45 min on ice in paraformaldehyde 4% (Immunofix, Bio-Optica). Cells were then transferred onto SuperFrost Plus slides (Menzel-Glaser). The slides were washed twice with PBS, air dried, dipped in methanol at -20°C for 10 min, and allowed to dry. After rehydration with PBS, the slides were blocked for 1 h at room temperature with 2% (wt/vol) bovine serum albumin (BSA) and 0.2% Triton X-100 (vol/vol) in PBS (BSA-PBST) and for 1 h with appropriate dilutions of anti-DivIVA antibodies in BSA-PBST. The slides were then washed five times with PBST and incubated for 30 min with a 1:500 dilution of anti-rabbit immunoglobulin (IgG) Alexa Fluor 488 (Invitrogen). Preparations were finally stained with a fluorescence antifade solution containing propidium iodide (0.5 μg/ml) and 2% (wt/vol) 1,4-diazabicyclo[2.2.2] octane (DABCO), all obtained from Sigma. Slides were observed using a Zeiss Axioplan 2 equipped with a 100× Achroplan fluorescence objective and standard filter sets (Zeiss no. 09, no. 15, and no. 24) . Photographs were taken with a Canon Powershot G6 digital camera, acquired with a Canon Zoom Browser, and processed with Adobe Photoshop 6.0.
Van-Fl microscopy. Van-Fl staining was performed similarly as recently described 195 . Briefly, strains Rx1 or Sp38 (Rx1, ΔstkP, PZn-stkP) were grown exponentially in the absence of zinc. Samples were collected and incubated with 2 µg/ml Van-FL (Molecular Probes) for 20 minutes at 37°C. Cells were centrifuged, washed three times with PBS and fixed in paraformaldehyde 4% (Immunofix, Bio-Optica). Cells were then spotted on glass slides, air dried, washed with PBS, mounted with DABCO and observed using a Zeiss Axioplan 2 equipped with a 100× Achroplan fluorescence objective. Photographs were taken with a Canon Powershot G6 digital camera, acquired with a Canon Zoom Browser, and processed with Adobe Photoshop 6.0.
Van-FL staining on unfixed cells was basically performed as described before 38 . Strains R6 wild-type and KB02-29 (R6, ΔstkP) were grown to OD600 0.15. Samples were labeled with 0.2 µg/ml 50:50 mixture of Van-FL/Van (kind gift of D.J. Scheffers) for 5 minutes before examining by fluorescence microscopy using a Deltavision epifluorescence microscope as described 198 .
Time-lapse microscopy. Cells were grown at 37°C in C+Y medium and attached to thin 1.5% low melting agarose C+Y matrix. The microscope slide was incubated at 30°C in a temperature controlled chamber of the Deltavision Microscope. Phase contrast and fluorescence pictures were taken every 8 or 10 minutes basically as described (PZn-gfp-phpP) and KB02-20 (PZn-gfp-stkP) were induced with 0.15 mM ZnCl2 prior to harvesting and lysates were prepared as described in Materials and Methods. For immunodetection of GFP-PhpP and GFP-StkP α-GFP antibody was used. Cells were harvested at OD600 0.2 (1) and 0.5 (2). The other samples were harvested at OD600 0.2, after addition of antibiotics and cultivation for 20 min. Ampicillin was added to a final concentration of 0.66 μg/ml (3), vancomycin 1.25 μg/ml (4) and norfloxacin 12 μg/ml (5). Single colonies of a fresh transformation generating ΔstkP cells using pDELstkP DNA were grown in C+Y medium and examined by phase contrast microscopy at mid-exponential growth (~OD600 0.2). A single colony from the transformation plate was resuspended in C+Y medium and a dilution series was plated to generate single colonies within Columbia blood agar. The next day, subsequent single colonies (T2 plate) were grown in liquid C+Y medium and examined as before (second cultivation). A single colony from the T2 plate was replated as before and cells were grown and examined as described above (third cultivation). While the typical elongated cell phenotype for ΔstkP mutants remained the same after cultivation in the D39 genetic background, the elongated phenotype was rapidly lost in the R6 genetic background and a pleiotropic array of cell morphologies was observed. After the second cultivation many chains of cells could be observed while after the third cultivation small round cells were observed. The genetic differences between D39 and R6, especially in important cell division proteins, might account for the more rapid appearance of ΔstkP suppressors in the R6 genetic background
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Fig. S13
Unbalanced cell growth and division in the absence of StkP. DivIVA subcellular localization in the Rx1 wildtype strain and Rx1 cells depleted for StkP (strain Sp38; ΔstkP, PZn-stkP) as detected by immunofluorescence using anti-DivIVA polyclonal antibodies. Cells were stained to visualize DivIVA (green) and DNA (red); the merged images show the overlay. . This analysis also shows perturbed cell wall synthesis with significantly more signal at the periphery of the cells in the ΔstkP mutant. Note that for Fig. 7B cells were depleted for StkP using the zinc-inducible system and samples were fixed using formaldehyde prior to imaging, and both experimental procedures generate the same conclusion.
